are not responsive to traditional treatment strategies. Nonetheless, the mechanisms by which DBS achieves therapeutic effects remain unclear. We showed previously that high-frequency (HF) NAC DBS suppressed pyramidal cell firing and enhanced slow local field potential (LFP) oscillations in the orbitofrontal cortex (OFC) via antidromic activation of corticostriatal recurrent inhibition. Using simultaneous multisite LFP recordings in urethane-anesthetized rats, we now show that NAC DBS delivered for 90 min at high or low frequency (LF) selectively affects spontaneous and evoked LFP oscillatory power and coherence within and between the medial prefrontal cortex (mPFC), lateral OFC, mediodorsal thalamus (MD), and NAC. Compared with LF or sham DBS, HF DBS enhanced spontaneous slow oscillations and potentiated evoked LFP responses only in OFC. HF DBS also produced widespread increases in spontaneous beta and gamma power and enhanced coherent beta activity between MD and all other regions. In contrast, LF DBS elevated theta power in MD and NAC. Analysis of acute NAC-induced oscillations showed that HF DBS increased and LF DBS decreased induced relative gamma coherence compared with sham DBS. These data suggest that HF (therapeutic) and LF (possibly deleterious) NAC DBS produce distinct region-specific and frequency band-specific changes in LFP oscillations. NAC DBS may achieve therapeutic effects by enhancing rhythmicity and synchronous inhibition within and between afferent structures, thereby normalizing function of a neural circuit that shows aberrant activity in obsessive-compulsive disorder and depression.
Introduction
Deep brain stimulation (DBS) of the nucleus accumbens (NAC) and nearby white matter tracts of the anterior internal capsule has emerged as an effective treatment strategy for a number of psychiatric disorders that fail to respond to standard pharmacological or behavioral therapies. Originally developed as a replacement for ablative surgery in the treatment of severe obsessivecompulsive disorder (OCD), long-term clinical trials have now shown that NAC DBS significantly improves symptoms in refractory OCD patients ) and is also effective in treating major depression (Schlaepfer et al., 2008; Malone et al., 2009) . Furthermore, case studies have suggested that NAC DBS may be indicated for treatment-resistant Tourette's syndrome (Flaherty et al., 2005; Kuhn et al., 2007b) and addiction (Kuhn et al., 2007a) .
Despite this interest, relatively little is known regarding the mechanisms of action of DBS. Given the immense potential of NAC DBS for use in a variety of otherwise treatment-resistant psychiatric disorders, a better understanding of these mechanisms is critical. Early studies of DBS for movement disorders (i.e., targeting the thalamus, globus pallidus, or subthalamic nucleus) suggested that DBS decreased activity in the stimulated area, through either depolarization blockade or enhanced local GABAergic transmission (Boraud et al., 1996; Benazzouz et al., 2000; Beurrier et al., 2001; Kiss et al., 2002) ; in effect, creating a functional lesion of the stimulated nucleus. However, electrical brain stimulation at clinically effective intensities preferentially excites axons as opposed to cell bodies (Nowak and Bullier, 1998a,b) , indicating that activation of afferent and efferent axons, and consequent modulation of neuronal activity in sites distal to the stimulated nucleus, may contribute substantially to the therapeutic effects of DBS (Vitek, 2002; McIntyre et al., 2004; McCracken and Grace, 2007; Hammond et al., 2008) .
We showed previously that NAC DBS delivered at high frequency (130 Hz; HF) for 30 min reduced pyramidal cell firing in the anesthetized rat orbitofrontal cortex (OFC), most likely through enhanced recurrent inhibition driven by antidromic activation of corticostriatal axon collaterals (McCracken and Grace, 2007) . These changes in neuronal firing were accompanied by an enhancement of local field potential (LFP) oscillations in the slow/delta band (0.5-4 Hz) that developed gradually over the 30 min DBS session and an NMDA-dependent potentiation of acute NAC-evoked short-latency excitatory LFP responses in OFC. Low-frequency (10 Hz; LF) stimulation failed to produce any changes in LFP activity. The frequency dependence of these changes in LFP activity is noteworthy; in the clinic LF DBS for most indications generally does not produce therapeutic effects and may in fact be deleterious (Moro et al., 2002; Kupsch et al., 2003; Timmermann et al., 2004; Kuncel et al., 2007; Cooper et al., 2008; Florin et al., 2008) , although more recent evidence suggests that in some conditions (i.e., pedunculopontine stimulation for Parkinson's disease), LF stimulation may be beneficial (Nandi et al., 2008) . Here, we extend our previous findings by examining how NAC DBS delivered for 90 min at high and low frequencies affects spontaneous and evoked LFP oscillatory power and coherence within and between the medial prefrontal cortex (mPFC), lateral OFC, mediodorsal thalamus (MD), and NAC; regions comprising a circuit that often exhibits aberrant metabolism in patients suffering from OCD or major depression (Deckersbach et al., 2006; Evans et al., 2006) .
Materials and Methods
All procedures were performed in accordance with the guidelines outlined in the NIH Guide for the Care and Use of Laboratory Animals, and were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh.
Animals and surgery
Male Sprague Dawley rats (275-400 g) were anesthetized with urethane (1.5 g/kg, i.p.) and placed in a stereotaxic frame. Body temperature was maintained at 37°C with a temperaturecontrolled heating pad. In all surgical preparations the scalp was exposed and burr holes were drilled in the skull overlying the lateral OFC, mPFC, the NAC core, and the MD. Concentric bipolar stimulating electrodes (NEX-100; Kopf) were placed in the NAC-anteroposterior (AP) ϩ1.2 mm (from bregma), mediolateral (ML) ϩ2.0 mm, dorsoventral (DV) Ϫ6.9 mm (from skull); Teflon-insulated stainlesssteel recording electrodes (0.1 mm diameter, Plastics One) were slowly lowered into the OFC (AP: ϩ3.2 mm, ML: ϩ3.4 mm, DV: Ϫ5.5 mm), mPFC (AP: ϩ3.2 mm, ML: ϩ0.7 mm, DV: Ϫ4 mm), and MD (AP: Ϫ3.3 mm, ML: ϩ0.7 mm, DV: Ϫ5.5 mm). Recording commenced no earlier than 30 min following electrode implantation.
Recording
LFP signals from the recording electrodes were amplified (gain: 1000), analog filtered (0.1-500 Hz) by a multichannel amplifier (A-M Systems) and displayed on an oscilloscope (Tektronics). The data were digitized at 1 kHz and acquired using custom-designed computer software (Neuroscope) and stored for off-line analysis. The animal ground was used as a reference for LFP recordings. DBS was applied to separate groups at 130 Hz (HF) or 10 Hz (LF) using standard parameters (0.2 mA, 0.1 ms pulse duration). Another group had the DBS electrode implanted but was not stimulated (SHAM). DBS was applied for three 30 min sessions for a total of 90 min; sessions were separated by 5 min intervals where spontaneous and evoked LFP data were sampled with DBS OFF. For spontaneous recordings, LFPs were recorded for 2 min at a number of different time points with DBS ON or OFF-pre-DBS baseline (OFF), during the first 5 min of DBS (ON), after 25 min of DBS (ON), after 30 min of DBS (OFF), after 55 min (ON), 60 min (OFF), 85 min (ON), and Figure2. HFstimulationproducesatime-dependentincreaseinslow/deltaoscillationsselectivelyintheOFC.A,HFNACDBSproduces atime-dependentenhancementofslowoscillations(0.5-4Hz)inOFCcomparedwithLFandSHAMDBS(topleft).AnalysisofLFPactivity withHFDBSondemonstratesthatthiseffectwasnotapparentearlyinthestimulationperiod,butwasmaintainedduringthe"off"period (top right). There were no changes in delta oscillations in the other regions with any stimulation frequency (bottom). *Significantly differentfromLFandSHAM.B,RepresentativeOFCvoltagetracesandtime-frequencyspectrogramsbeforeandafter90minHFNACDBS showing increased low frequency activity following 90 min DBS. Calibration: 5 s, 0.2 mV. During OFF periods, spontaneous LFP data were recorded, followed immediately by evoked data, after which DBS was turned ON again. For evoked LFP responses, baseline input-output curves were generated using 4 stimulus intensities (0.2, 0.4, 0.8, 1.2 mA, 0.2 ms pulse duration, 20 stimulation sweeps at 0.4 Hz for each intensity). LFP data were recorded for 0.2 s before stimulus and 1 s after stimulus. Evoked activity was reassessed following 30, 60, and 90 min of DBS.
Multisite LFP data were recorded from a total of 33 animals (11/ group). Stimulating electrodes were located in the NAC core (one pole of the stimulating electrode was used to record spontaneous NAC LFP activity when stimulation was off), OFC recording electrodes in the lateral OFC and ventral agranular insular cortex, mPFC electrodes in the prelimbic and infralimbic cortices, and MD electrodes in the mediodorsal thalamus (Fig. 1) . All data from animals with incorrectly placed NAC stimulating electrodes were excluded; for the other regions data were excluded on a region by region basis, leaving final group sizes of 7-10 animals/group. Spontaneous and evoked LFP activity were sampled before DBS, and after 30, 60, and 90 min of SHAM (implanted but not stimulated), LF or HF stimulation. "Spontaneous" LFP activity was also recorded during DBS ON; after 1, 25, 55, and 85 min of LF or HF stimulation (see Fig. 1 for schematic). However, in the LF group, there were acute evoked responses from the stimulation that irrevocably contaminated the analysis of oscillatory activity with DBS ON. Accordingly, all statistical comparisons between SHAM, LF, and HF groups were made during the stimulation off periods.
Analysis
The spectral power of LFP oscillations in each region and coherence between regions was analyzed using routines from the Chronux software package (www.chronux.org) for Matlab (MathWorks). Chronux uses a multitaper method of spectral analysis, where data are multiplied by a specified number of orthogonal tapers, before applying a fast Fourier transform (FFT) to the tapered waveforms. The transformed spectral data are then averaged over tapers as a way of reducing variance and bias. These methods have now been successfully applied to neural data in a number of cases (Mitra and Pesaran, 1999; Pesaran et al., 2002; Womelsdorf et al., 2006; DeCoteau et al., 2007) . To assess coherence between simultaneously recorded signals, the FFTs of the tapered waveforms were calculated individually for each taper. Cross-spectra of the signals were derived from the FFTs for each taper and trial and then were averaged over tapers. Coherence was then calculated as C ϭ (S12)/ ͌ S1 ϫ S2, where S12 represents the average cross-spectral density and S1 and S2 represent the average power spectral density of the two signals. For spontaneous LFP data, recordings were downsampled at 200 Hz and segmented (10 s window). Each segment was detrended to remove any slow DC components and padded with zeros to increase frequency resolution.
Multitaper spectral power and coherence were calculated for each segment in the following frequency bands: slow/delta (0.5-4 Hz); theta (4 -12 Hz); beta (13-30 Hz); and gamma (30 -70 Hz, not including 58 -62 Hz to avoid line noise). Data for each frequency band were then averaged over segments. To compare across different groups, power and coherence values for each animal in a group were normalized to the mean baseline values for that group and are referred to as "relative power" and "relative coherence".
Evoked responses. Acute NAC stimulation produced a negative-going short-latency peak in OFC and mPFC termed N1; N1 amplitude was defined as the peak voltage deflection subtracted from the voltage value 0.5 ms before stimulation.
Induced oscillations. Induced oscillatory activity was calculated using the two higher stimulation intensities. Spectral power and coherence values in the gamma band in the 1 s after stimulus were normalized to prestimulus baseline (200 ms) and averaged across stimulation sweeps for each time point. To compare across different groups, the values for each animal in a group were normalized to the mean baseline values for that group.
Statistics
Changes in spontaneous and evoked power in each region and coherence between regions due to time and DBS frequency were analyzed using two-way ANOVA with time as a repeated measure and Holm-Sidak post hoc test. Changes in N1 amplitude were calculated using two-way ANOVA with time and stimulation intensity as repeated measures, and Holm-Sidak post hoc test. Significance was set at p Ͻ 0.05.
Results

Spontaneous oscillatory activity Power
In OFC, there was a time-dependent increase in slow/delta power with HF stimulation that was apparent after 60 and 90 min of stimulation [significant main effects of time (F (3,69) ϭ 7.98, p Ͻ 0.001) and frequency (F (2,69) ϭ 3.813, p ϭ 0.039), but no significant interaction (F (6,69) ϭ 1.693, p ϭ 0.138)] (Fig. 2 A) .
Comparison of DBS ON versus OFF in the HF group ( Fig. 2 A) shows that these effects developed over time with no acute effects of stimulation, such that 5 min ON was not significantly different from baseline, and 85 min (ON) was not significantly different that 90 min (OFF). In all other brain regions (mPFC, MD, NAC), there was no significant effect of HF DBS on slow/delta power compared with SHAM or LF stimulation (significant main effect of time; F Ͼ 6.61, p Ͻ 0.001 in all cases, but post hoc analysis revealed no significant differences between SHAM, LF, and HF groups at any time point in any region) (Fig. 2 A) . . In both MD and NAC (Fig. 3A) , theta power in the LF groups was significantly increased compared with both SHAM and HF groups after 90 min of stimulation [main effects of time (F Ͼ 8.495, p Ͻ 0.001 in both regions), but not frequency (F Ͻ 1.597, p Ͼ 0.223 in both region), and no interaction effects (F Ͻ 1.458, p Ͼ 0.255 in both regions)]. In contrast, in OFC and mPFC (Fig. 3A) , neither HF nor LF stimulation produced any effects that were significantly different from SHAM [significant main effects of time (F Ͼ 19.44, p Ͻ 0.001 in both regions), with no significant effects of frequency (F Ͻ 0.739, p Ͼ 0.488 in both cases) and no significant interactions (F Ͻ 1.235, p Ͼ 0.298 in both cases); post hoc tests showed no difference between any groups at any time point in either region].
Beta (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . In OFC and MD, there were significant increases in beta power in the HF group (Fig. 4 A) compared with SHAM and LF groups after 90 min of stimulation [main effects of time (F Ͼ 9.781, p Ͻ 0.001 in both cases) but not frequency (F Ͻ 1.597, p Ͼ 0.223 in both cases) and no significant interactions (F Ͻ 1.969, p Ͼ 0.084 in both cases)]. In the NAC (Fig. 4 A) , both LF and HF stimulation increased beta power compared with sham after 60 and 90 min of stimulation [main effect of time (F (3,75) ϭ 6.232, p Ͻ 0.001), but not frequency (F (2,75) ϭ 3.158, p ϭ 0.062), and a significant interaction (F (2,75) ϭ 2.263, p ϭ 0.048)]. There were no significant differences in beta power in mPFC between groups at any time point.
Gamma . In OFC and mPFC, there were significant increases in spontaneous gamma power in the HF group (Fig. 4 B) compared with SHAM and LF groups after 60 and 90 min of stimulation [main effects of time (F Ͼ 24.006, p Ͻ 0.001 in both cases) and frequency (F Ͼ 4.475, p Ͻ 0.024 in both cases) and significant interaction effects (F Ͼ 2.861, p Ͻ 0.016 in both cases)] and in MD (Fig. 4 A) after 90 min of stimulation [main effect of time (F (3,66) ϭ 14.325, p Ͻ 0.001) but not frequency (F (2,66) ϭ 2.311, p ϭ 0.125) and no significant interaction (F (6,66) ϭ 1.445, p ϭ 0.213)]. In NAC (Fig. 4 A) , gamma power in the HF group was significantly increased compared with LF (but not SHAM) after 60 min of stimulation and significantly increased compared with SHAM (but not LF) after 90 min of stimulation [main effect of time (F (3,75) ϭ 13.051, p Ͻ 0.001) but not frequency (F (2,75) ϭ 2.985, p ϭ 0.071), and no interaction (F (6,75) ϭ 2.009, p ϭ 0.077)].
Thus, HF DBS enhanced slow oscillations over time only in OFC, and also produced widespread time-dependent increases in beta (OFC and MD) and gamma (OFC, mPFC, and MD) power. In contrast, LF DBS produced specific, time-dependent elevations in theta power in MD and NAC.
Relative coherence There were no main effects of time (F Ͻ 1.959, p Ͼ 0.133 in all cases) or frequency (F Ͻ 1.959, p Ͼ 0.133 in all cases) and no interaction effects (F Ͻ 1.726, p Ͼ 0.135 in all cases) on spontaneous relative coherence in the slow and theta bands between any regions (data not shown).
Beta. There were no significant differences in relative OFC- mPFC beta coherence between SHAM, LF, and HF groups at any time point (Fig. 4 A) , whereas OFC-MD relative beta coherence (Fig. 5A) In contrast, there were no changes in relative beta coherence between OFC-NAC ( Fig. 4C ) or PFC-NAC (Fig. 4 E) . Gamma. MD-NAC gamma coherence was significantly elevated in the HF group compared with SHAM and LF groups after 60 min of stimulation [main effect of time (F (3,57) ϭ 4.943, p ϭ 0.004), but not frequency (F (2,57) ϭ 5.631, p ϭ 0.062), and no interaction (F (6,67) ϭ 2.014, p ϭ 0.081)]. There were no significant changes in gamma coherence between any other regions at any time point (data not shown).
Thus, the major effects of HF DBS were specific increases in coherent beta activity between MD and all other regions (OFC, mPFC, and NAC), suggesting increased synchrony of fast rhythmic thalamocortical activity associated with interneuron networks.
Evoked LFP activity-amplitude Acute NAC stimulation produced robust short-latency LFP responses in OFC and mPFC (Fig. 6) , with average N1 latencies of 5.33 Ϯ 0.08 ms and 3.91 Ϯ 0.17 ms, respectively. We showed previously that NAC-evoked LFP responses in OFC had distinct glutamatergic and GABAergic components that were likely due to antidromic activation of recurrent collaterals, and that N1 amplitude was potentiated following 30 min of HF but not LF NAC DBS (McCracken and Grace, 2007) . NAC-evoked responses in mPFC were qualitatively similar, and since both OFC and mPFC project to the NAC core stimulation site (Gabbott et al., 2005) , these responses are likely analogous to those recorded in OFC. We did not observe reliable short-latency responses to acute NAC stimulation in MD (i.e., no N1) and as such did not assess the effects of DBS on NAC evoked responses in this region.
The effects of NAC DBS on evoked LFP responses were assessed by constructing input-output curves with four stimulation intensities before DBS, and after 30, 60, and 90 min of stimulation (Fig. 6 A) . N1 amplitude recorded in the OFC using the two higher stimulation intensities was significantly increased compared with baseline following 60 and 90 min of stimulation [significant main effects of time (F (3,69) ϭ 4.043, p ϭ 0.020) and intensity (F (3,69) ϭ 86.926, p Ͻ 0.001), and a significant interaction effect (F (9,69) ϭ 4.275, p Ͻ 0.001)]. In contrast, for both SHAM and LF groups there were no significant differences between time points at any stimulation intensity for either group. In mPFC (Fig. 6 B) , there were no significant differences between time points at any stimulation intensity for any group.
Stimulus-induced gamma activity-power and coherence
Acute NAC stimulation frequently resulted in induced oscillations (i.e., not time locked to the stimulus; see Fig. 7A ) in all recording sites, particularly at the higher acute stimulation intensities (0.8 and 1.2 mA). Changes in induced oscillations as a function of time and stimulation frequency were quantified by examining the spectral power within regions and coherence between regions in the 1 s following stimulation, normalized to activity in the 200 ms before stimulation. Analysis was restricted to the gamma band due to the relatively short prestimulus baseline.
Induced gamma power
Induced gamma activity in the SHAM and HF groups was significantly reduced compared with the LF group (but was not different between SHAM and HF) in both OFC and mPFC (Fig. 7B) following 30, 60, and 90 min of stimulation [main effect of time in mPFC (F (3,66) ϭ 33.727, p Ͻ 0.001) but not OFC (F (3,69) ϭ 1.609, p ϭ 0.193), main effects of frequency in both regions (F Ͼ 4.649, p Ͻ 0.017 in both cases), and significant interactions in both regions (F Ͼ 8.44, p Ͻ 0.001 in both cases)]. No significant differences were found in MD between SHAM, LF, and HF groups at any time point (Fig. 7B) .
Induced gamma coherence
Induced relative gamma coherence between both OFC-PFC and OFC-MD (Fig. 7C ) was significantly elevated in the HF group compared with LF (but not SHAM) after 30 min of stimulation. Following 60 min of stimulation, relative OFC-MD coherence was significantly increased in the HF group compared with LF and SHAM, and after 90 min of stimulation, relative coherence between OFC-PFC and OFC-MD was significantly higher in the HF group than in either the LF or the SHAM group [main effects of time (F Ͼ 2.777, p Ͻ 0.047 in both cases) and frequency (F Ͼ 3.407, p Ͻ 0.044 in both cases) and significant interactions (F Ͼ 4.208, p Ͻ 0.001 in both cases)]. Furthermore, relative gamma coherence was significantly decreased between OFC-MD and OFC-mPFC in the LF group compared with HF and SHAM groups following 90 min of LF stimulation (Fig. 7C) . Induced relative PFC-MD gamma coherence (Fig. 7C ) was significantly elevated in the HF groups compared with the LF and SHAM groups after 30, 60, and 90 min of stimulation [main effect of time (F (3,54) ϭ 16.636, p Ͻ 0.001) and frequency (F (2,54) ϭ 7.084, p ϭ 0.003) and a significant time ϫ frequency interaction (F (6,54) ϭ 6.882, p Ͻ 0.001)].
Thus, HF DBS produced a significant increase and LF DBS a significant decrease in coherent gamma activity between OFC-PFC and OFC-MD. This effect suggests that HF DBS leads to coordinated induced activity in the gamma band. The opposite effect of LF DBS is particularly noteworthy given the divergent effects of HF and LF DBS in the clinic.
Discussion
NAC DBS delivered for 90 min produced widespread changes in spontaneous and evoked LFP oscillations in brain regions with known involvement in obsessive-compulsive disorder, and affected coordinated activity (coherence) between these regions. Many of these changes occurred in a region-and frequency bandspecific manner, and were strongly dependent on stimulation frequency such that HF and LF DBS each produced a unique constellation of effects on rhythmic LFP activity (Fig. 8) .
The major findings specific to HF (i.e., therapeutic) DBS include a time-dependent enhancement of spontaneous slow oscillatory activity specific to OFC, and time-dependent increases in fast oscillatory activity in a number of regions. These withinregion changes in rhythmic activity were accompanied by HF DBS-specific increases in spontaneous and stimulus-induced coherent activity between regions in the higher frequency bands, particularly in the thalamocortical system. In the clinic, successful outcomes have been achieved targeting both white matter tracts of the anterior internal capsule Malone et al., 2009 ) and NAC gray matter itself (Sturm et al., 2003; Schlaepfer et al., 2008) . While stimulation of one target (e.g., NAC gray matter) likely affects the other (capsular white matter) to some extent due to current spread, our data suggest that the one common element across all studies is activation of descending cortical fibers that either traverse (in the context of white matter) or terminate in NAC. Indeed, chronaxie studies indicate that the brief stimulus pulse duration would favor activation of myelinated fibers rather than neuronal somata (Ranck, 1975; Nowak and Bullier, 1998a) .
Significance of changes in LFP activity
Rhythmic oscillatory fluctuations in LFP recordings arise from synchronous activity in relatively large groups of neurons (Mitzdorf, 1985; Logothetis, 2003) and have been characterized in a number of brain regions. LFP oscillations in discrete frequency bands correspond to behavioral states across the sleepwake cycle, in addition to particular aspects of neural computation (Steriade, 2006) . Mechanistic interpretations of changes in LFP oscillations as they relate to cognitive processes in anesthetized rodents are challenging. Nonetheless, both spontaneous and evoked/induced oscillations have been characterized in brain slices and anesthetized animals. Slow/delta oscillations are prominent in sleep and anesthesia (Steriade et al., 1993; Cowan and Wilson, 1994) , and theta, beta, and gamma oscillations have all been characterized in anesthetized or in vitro preparations (Kamondi et al., 1998; Faulkner et al., 1999; Neville and Haberly, 2003; Hajó s et al., 2008; Yamawaki et al., 2008) . Drawing from these data, analyses of the effects of DBS on rhythmic LFP activity can shed light on how DBS affects basic mechanisms of neural synchronization within and between regions. Furthermore, LFP activity correlates with blood-flow-dependent imaging methods to a greater degree than do measures of neuronal spiking (Logothetis et al., 2001; Maier et al., 2008) and therefore provide a better translational index of activity states when comparing effects of DBS in animals and humans. Indeed, acute HF NAC DBS in OCD patients produced cerebral blood flow changes that correspond well to the pattern of changes in LFP activity observed here .
DBS effects on spontaneous LFP oscillations
Slow/delta LFP oscillations are proposed to represent synchronous changes in membrane potential produced by recurrent activity (Steriade et al., 1993; Sanchez-Vives and McCormick, 2000; Shu et al., 2003) . We showed previously that HF but not LF NAC DBS increased slow/delta oscillations in OFC; an effect that was not apparent immediately after stimulation began but developed over 30 min of DBS (McCracken and Grace, 2007) . We show here that this effect is specific to OFC and demonstrates a progressive increase in magnitude over the 90 min stimulation period. There are two likely possibilities for the observed regional specificity of this effect: (1) the OFC sends comparatively denser projections to the NAC stimulation site, and therefore is more strongly activated. Thus, the enhanced slow oscillations in the OFC may be due to increased recurrent activity stemming from preferential antidromic activation of OFC projection neuron recurrent collaterals (McCracken and Grace, 2007) ; alternately, (2) the specific changes in slow oscillations are due to regional differences in intrinsic network properties. Indeed, recent studies suggest that mPFC and OFC respond differently to similar stimuli (Crombag et al., 2000; Homayoun and Moghaddam, 2006; Moghaddam and Homayoun, 2008) .
Theta oscillations in the rodent, best studied in the hippocampus (Buzsáki, 2002) , have also been identified in prefrontal cortex (Paz et al., 2008) and striatum (DeCoteau et al., 2007) , and are involved in spatial navigation and mnemonic processes. LF NAC DBS enhanced theta activity in MD and NAC, similar to that reported for in vitro cortical preparations, where LF (4 Hz) stimulation promoted theta activity (Yamawaki et al., 2008) . The significance of these changes is unclear; however, LF DBS for movement disorders often produces deleterious effects in the clinic (Moro et al., 2002; Kupsch et al., 2003; Cooper et al., 2008; Florin et al., 2008) and thus the enhanced theta power in these regions may represent a physiological correlate of a pathological state. Supporting this idea, patients with OCD display higher theta activity than controls (Karadag et al., 2003; Desarkar et al., 2007) , and furthermore, NAC stimulation at ϳ10 Hz increased compulsive-like behavior in a rodent model of OCD (van Kuyck et al., 2003) .
Fast oscillations in the beta and gamma bands occur in response to sensory stimuli (Barth and MacDonald, 1996; TallonBaudry, 2003) and are associated with higher-order cognitive processes including attention and perception (Singer, 1993; Farmer, 1998; Schnitzler and Gross, 2005) . On a cellular level, fast rhythmic activity is generated via synchronous inhibition within networks of GABAergic interneurons, with oscillation frequency and duration modulated by glutamatergic input (Traub et al., 2004) . The exact relationship between beta and gamma generation remains unclear. In vivo and in vitro studies suggest that stimulus-elicited gamma oscillations are often followed immediately by beta oscillations Haenschel et al., 2000) ; however, these rhythms may also coexist simultaneously (Bressler, 1984; Roopun et al., 2006) . Computational studies indicate that while both rhythms promote synchronization, beta activity is synchronizing over relatively longer distances and time scales compared with gamma (Kopell et al., 2000) . HF DBS produced widespread increases in spontaneous beta and gamma power and enhanced fast coherent thalamocortical activity. This enhanced fast oscillatory synchronization may stem from LTPmediated increased drive onto interneurons in afferent regions produced by NAC DBS (McCracken and Grace, 2007) . Within the context of OCD, the enhancement of beta activity by DBS may have important functional implications. EEG studies suggest that OCD patients have lower beta activity than healthy controls (Kuskowski et al., 1993; Serra et al., 1994; Karadag et al., 2003; Pogarell et al., 2006) , fail to exhibit the enhanced beta activity to olfactory stimulation seen in controls (Locatelli et al., 1996) , and show lower levels of postmovement beta synchronization (Leocani et al., 2001 ). Sensory-evoked beta oscillations have been linked to novelty detection (Kisley and Cornwell, 2006) . Thus, although speculative, increasing beta activity in OCD patients may enhance salience of external stimuli, thereby interrupting ritualistic patterns and promoting reengagement of other behaviors.
DBS effects on induced LFP oscillations
While spontaneous measures represent the general activity state of the system, stimulated responses provide an index of responsivity of the system to activation, such as in the process- ing of stimuli. Acute NAC stimulation induced gamma oscillations in afferent regions; we therefore assessed the effects of DBS on this induced activity. Induced gamma activity in OFC and mPFC was decreased compared with prestimulus baseline in the SHAM and HF groups, but remained elevated with LF DBS, possibly representing another correlate of a pathological state. HF DBS enhanced induced gamma coherence between all regions compared with SHAM and LF DBS; conversely, LF DBS decreased induced gamma coherence between OFC-PFC and OFC-MD compared with SHAM. Thus, the effects produced by HF and LF DBS both were different from SHAM but opposite in directions; this situation is analogous to the therapeutic versus deleterious effects produced by HF and LF stimulation, respectively, in the clinic.
DBS effects on evoked LFP response amplitude
Acute stimulation of the NAC DBS electrode produced shortlatency large-amplitude LFP responses in OFC and mPFC. We showed previously that the initial negative-going component of this evoked potential (N1) is glutamate-dependent and likely stems from synchronous activation of corticostriatal recurrent collaterals; this response was potentiated following 30 min of HF NAC DBS in a NMDA-dependent manner (McCracken and Grace, 2007) . We report here that this potentiation was unchanged following 60 and 90 min of HF DBS; SHAM or LF DBS did not potentiate N1 amplitude. Evoked responses in mPFC were qualitatively similar, suggesting a mechanism similar to OFC responses; however, N1 amplitude in mPFC did not change with any stimulation condition. As with changes in slow oscillations, the lack of potentiation of mPFC evoked responses is likely due to either less activation of mPFC3 NAC axons, intrinsic differences in mPFC and OFC anatomy or function, or active suppression of mPFC activity by OFC.
Implications
The widespread and specific alterations in synchronous LFP activity produced by HF NAC DBS provide further evidence that the therapeutic actions of DBS depend on considerably more than activity in the stimulated nucleus; indeed, our results point to a constellation of changes across an entire corticostriatothalamic circuit. Moreover, these data provide a potential physiological underpinning to the frequency-dependent effects of DBS observed in the clinic. Our previous studies showed that NAC DBS decreased OFC pyramidal cell firing by driving recurrent inhibition; the present work demonstrated widespread increases in synchronous activity known to be mediated through interneurons, such that the therapeutically relevant effects of DBS may not be due to inhibition per se, but to enhanced synchronization of inhibition across cortical and subcortical networks. Increased interneuron-mediated rhythmic gating processes and enhanced synchronous inhibition in afferent structures represent potential mechanisms by which NAC DBS may reduce the pathological metabolic hyperactivity and reintroduce normalized oscillatory activity in prefrontal subregions associated with OCD and depression. 
